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Abstract "

T™i: report is a comprehensive reviaw of the metallurgical factors
pertinent to the production and testing of steel aircraft armor plate,

The development of alrcraft armor is summarized and the ralative

importance of types of steel aircraft armor plate is outlined.

It is shown that the degree to which homogeneous steel aircraft armor
resists penetration of armor plercing projectiles is dependent upon the toughness
of the plate material when heat treated to an optimum hardness for the given
ballistic condition. The optimum microstructurs for toughness is tempered mar-
tensite. Inhonogeneitiecs in the plate material lower the toughness, Suitatle
compositions for homogeneous armor are those which will quench out to full mar=-
tensite on the quenching treatment used and will perait use of tempering ter:era=
tures hign enough to avoid temper erbrittlement,

References to a number of World War II YAvestigaticns are used to show
that fece hurdened steél armor resists penetration by breaking up the projestile
and the plate's ability to break up a projectile is dependent upon a high face
hardnoss. It is suggested that there is an optimum face hardnass.,, It is also
shown that there is an optimum depth of hardening and an optimum back hardness
for a given test condition. carburized-armor. Pluramelt armor and 2s fet un=
developed composite armors are discussed briefly,

Finally it is shown that war time inprovemegts in quality are reflected
by higher speoification requirements. The possibilitiys of further improvemert
in hamogeqfous armor appsar *3 be limited, while it sesms reasonable to axpect

additional improvements in face hardened arvor,.
TRigH 't‘ > ,""j]

Jitiim
R A R ot .
\ ﬁ A RERRTATE.L Y
FL TR A . ) Qe }
| Ve

LR ¥ Oy «
“aud

cen mn v Y



-,

L"Z‘! “Qnr i ,.“ | . » : ‘4

bistae bl ""

’uv\’)ﬂr& A g e, ,,. o

. Ay =
Preface 7 W
piddubadebedt NQMJ ch-u_“\v

In Noveunber 1946, the Carnogie-Illinois Steel Corporation ﬁndertopk
a coatract with the Naval Reseirch Jaboratory, Anacostin Station, Washingto..,
D. C. to conduct a study of steel aircraft armor improvement during the iorld
War II veriod. The specificaticns for the study set forth by the Naval Research
Laboratéry were as follows: .

‘\ 1, Summarize results of tests of experimental stesl aircraft armor
with caliber .50 A. P., 20mn A. P, and 20mm H, B, at Dahlgren, Va, pointing
out in the case of each group of tests what variables were under irivestigation.

2. After conferring with Army representatives as to experimental
steel aircraft crmor tests make a sumnary of what appear to be the most signifi-
cant Army results,

3. Discues the results of thsse tests. GiQe particzular attention
to variavles for which ballistic test results showed great sensitivity.

4, As completely as this survey and its incidentel studies permit,
1ist the investigation which might be expected to provide basic int‘orrr;.ation
necessary for additional steel armor improvement,

5, Prepare a report embodying (1), (2), (3) and (4) for submission
to the Naval Research Laboratory.

The authors' proposed method of study was submitted to the Naval
Rescarch Laboratory in outline form in February '1947. Since then, the authors
or their associates have visited the Navy Department Bureau of Ordnance and
Bureau of aeronautics, the Naval Proving Ground, the War Department Office of
Chisf of Ordnance, the Watartown Arsenal and the Naval Research Latoretory
in search of data and reports to be included in th; survey. Naturally, as in

any werk of this type, the authors must admit misgivings concernirg the
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percentage of data which may have escaped reviaew by their methods. Nevertheless,
it is belisved that all important phases of the mstallurgical design of steel
aireraft arior have been studied during the course of the survey and the findings
reported herein are generally supported by published referanoes. The sx;e;ttsﬁs
are a few instances where the authors have had to call upon their own expericunces
and knowledge of related products to establish a hypothesis or to analyze nor.=
integrated data. ‘

The authors wish to exprass their appreciation for the coopsrative
attitude shown by representatives of all of the afore mentioned agencies. Their
advice and aid in selecting reports for study and their help in making material

available greatly facilitated tho authors! work,

Js« M, Hodge, Research Associate
Carnegie-Illinois Steel Corporation
Pittsburgh, Pennsylvania

H. V, Joyce, Coordinator of Ordnance M.lerials
Homestead District Works

Carnegie-Illinois Steel Corporation

Munhall, Pennsylvania
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INTRODUCTION

I. Use o Aruwor in Alrcraft

%hile references to the use of armor plate in aircraft may he found
in the literature as far back as 1916, aircraft armor as it is known today is,
generally speaking, a development of the World War II period. Prior te Werli
War II, armor plate installed in airplanes was termed "thin armor™, "light
armor™ or "bullet proof steel" and was the same armor as that used on light
tanks and armored cars. Even as late as 1941 the services did not have a
specificaticn for aircraft armor. In that year, however, joiﬁt industry and
service committees were formed to develop higher quality armor and to establish
specificutions for procurenent of the same,

The airer.ft armor prcblem was not a simple one primirily because of
the limitaution of waight., Perhaps in no other application of armor is the
object of getting the greatest protection from the least weight of mere import-
ance than in the design and fabrication of aircraft armor. Pursuit planes
being built in 1941 carried but 200 pounds of armor plate and the latest mcdel
of the "Flying Fortress™ (the B17-E) had less than 2000 pounds of armor.

Had there been but one type cf attack against which proteotion was
required, the problem would have been somewhai simplified. Needless to say,
however, such was not the case, As well as anti aircraft fire from the ground,
head on, beam and rear attacks by enemy fighters against bombing planes were t2
bYe expected, Furthermors, enemy airplanes were lmown to carry several caliber
of guns loaded with several types ot ammunition. It was also reasonable to
assume that new types of armament and ammunition, of which our services were

not aware, could be encountered oa any mission,
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The design and installation of the armor itself also tended to

- complicate the problem. Since obviously the whole airplane or even the whole

* fuselage ccuid not be armor plated, *he linited amount of armor to be éarried
was distributed mostly within the cadin in a manner to afford protection to
each crew menber's station, An attacking missile therefore in many cases had
to pass threugh the fuselage skin azd various structural members before impact-
ing the armor plate. It wus discovered in early tests that as a projectils
defeats pri=ary obstacles such as the Duralumin skin and internal braces, it
is likely to be tumbled and its impact against the armor plate is unlikely to
be nose-on. A considerable umount of experimental work during 1941 wus based
on this fact., Various materials cf varying thicknesses were set up at varying
distances frcm armor plate in attempts to find an optimum combinantion and
arrangement cf materials. It was eventually determined; however, that the
value of ti;zring screens or yaw plates is doubtful since the fuselage itself
end interior parts in line of flizht of a grojectile impart sufficient yaw or
tumdbling action.(l)

It may be readily seen, therefore, that at least five different types
of attack had to ve considered in the design and installation of armor in air-
craft, The five atticks may be swi:arized as follows:

1, " Impact by armor piercing projectiles striking the armor plate
at norz=al ( perpendicular to the surface of the plats),

2, Impect by armor piercing projectiles striking the armor ¢
oblique angles,

3, Iapact by high explosive projectiles.

4, Impact by projectiles yawed or tunbled by prior impact ca

the airfrane skin or structural membesr,

(< 5. Inpact by fragneats o exploded shells,

(1) Bumbars in parenthesis pertain to references appendsd to this report, ot g
bl SR AN
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TY, Tvpes of Armor Plate Used in Alrcraft

In a survey of the literature preparatory to an investigation of light
armcr, the Naval Research Laboratory in 1935 reviewed work reported in Japan by
Horcda in 1720 sad 1933.(2) B-uda had reported thet of seven non-ferrcus macerials
investiguted, the aluminum alloy, Duralumin, on the basis of weight for welor+,
offered greutest resistanse to perforaticn by standard (.25 caliber) Japansss
armuniticn, Tests conducted at Watertcwn Arsenal, Aberdeen F:ovins Ground and
‘the Naval Research Laboratory in the period of 1934 to 1941 showed that under
various conditions Duralumin exhibited resistunce char;cte‘ *1¢s comparable
with those of steel, In the work performed at the Naval Research Laboratory,
Dowmetal was also used in comparisen tests, Sinmultancously there were conducted
many tests of face harcdenszd and rolled homogeneous steel armcr of thi:knzsses
feasible for use in aircraft, but, generally, the results were of interest only
insofar as they served to answer some immediate problem. Laminated plastics
wera alsu sested and found tc have merit under certain limited conditions,

In February 1943, the Watertown Arsenal Laboratory wes authorized to
prepare a substantially informative report to give data usable in armor design.
In this task an attempt was made to collate, integrate and analyze available
data on the characteristics of the various armor plate materi;ls. The report,
prepared by J, F. Sullivan, was published early in 1944.(3)

After a review of the data available, Sullivan narrowed his study to
face hardaned stesl, rolled homogeneous steel (340-380 BHN), Duralumin and
Dowmetesl. In his final report, Sullivan reviawed how factors affecting the
manner of failure of armor explain the alternative superiority of different
materials under different conditions of attack, 1t was pointed out that x'iere
the lower density of a material allows its use in thicker secticns without

additional welght, dimensional conditions arise favoring the ability of such
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B material to resist perforation, Thus Duralumin which is -only 0,36 timas as Jense
as 3tezl mny cvermatoh an attacking prcjectile vhile an equivalent weight of steel
may be overmatched by the same projectile. Under such conditions, it is possible
that the stesl will require lcse pgicjsstile onergy to bring about failure, !
Figure 1 (copied from Sullivan's report) iilustrates: (1) how a difference ia i
thickness of different meterials of equal weight results fr$m their variant X
densities, (2) the necessity of using a greater area of armor obliquely cmplaced i
to protect a fixed area normal to the line of fire and (3) how a vuriation in
the ratio of plate thickness to projectile core diameter tends to influence
the manner in which plate failure will occur,

Sullivan's observetions regarding the relative merits of i fferent
materials studied are quoted verbatim below, The reader is reminded that the ,
report from which the conclusions are quoted was prepared in late 1943, In view 5 :
of the fact that improvement of aircraft armor continued after this date, it is -
pos;ible that some of the observations may no longer hold true,
1. "Undor no contemplated conditions will the use of roiied
homoge:tecus stecl or Dowmetal assure the maximum resistance (to psrfcration

by small arms projectiles) por.unit weight employed,®

S - oM. -

s, "In genoral, when the obliquity of enplacement with

B s e

respect to the anticipated line of fire is greater than §2°, o, when the
ratio of plate thickness {weighed) tc projectile core diameter is less

than 0,6, the use of 24ST Duralumin #ill assure maximw resistunce (to

FRNEAS s, T -

perforation by small arms projectiles) per unit weight employed,®

oy

b. "Under all other conditions, the use of face hardened

steel armor will assure maximun resistancs to perforation,” (S~e Figurs 2)

*

. ‘ 2, "Undor some conditions, the resistance (to shock) of roiled
s . |

homogenaous steel armor is supericr to that of face hardened steel," !

4w
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plate is currently veling made by the Naval Research Laboratory.

two main types of steel urmor recoive no further mention in the roport, Non=-

3. "Except in the case of attack by direct impact of high
explosive projectiles, the shock resistunce of 24ST Duralumin is equivalent
+o or better than that of steel,”

4, "Coinoident with failure by perforation of armor pieroing'
projectiles, 24ST Duralumin exhibits a tendency-toﬁard spalling,”

§. "Low temperature enhances the resfﬁtance to perforation of
24ST Duralumin, rolled homogeneous steel and face hardened steei,"

6. "Although low temperatures may affect deleteriously the shock
resistance of steel, they apparently do not lower the shock resistance of
Duralumin,®

7. "Inasmuch as it is ccnsidered that resistance to perforation
is of prime importance in any considergtion of aircraft armor, design
may well be based on observation 1,

8. "The most strategic placewent of armor will vary from time
to time with tactics of the opponents und contemporary design may be:t

be decided on the basis of study of the very latest intelligence roports

A 20

from the theaters of operations,”

9, "Under attack of projectiles of larger culiber, or different
design or quality, the region of superiority of 24ST Duralumin over face
hardened steel may be expscted to be extended."

i
. i

It is apparent by now that the term "airoraft ermor™ is a generic one

covaring_difrerént types of stsel armor plate as woll as different types of non=
ferrous armor plate, A roview of the non-ferrous types is not within the scope

of this study, it being understood that a similar study of these types of armor

)
At this poiut it may be well to mention why some special kinds of the

[T N
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magnetic steel urmor, which falls under the homcgeneous type , was found to afford
80 muchnlowér resistance than magnetic steol armor that a review of i4s ballistic
characteristics has bscen considered to be of little value, Furthermore, much

of the demand for non-nagnetic armor, conce recessary, passed with more effaciive
shielding of aircraft instruments. Likewise, although much work was done in
attempts to develop a laminated or "sandwi:h" kind of fuce hardened armor, in
general on a basis of weight for weight; the ballistic qualities of sush armor

were inferior to those of solid face hardened steel armor,

III,. The Manufacture of Steel Armor

While certain cast steel armor sections are used on tanks, the
relatively lighter gauges of aircralt armor precludes the use of castings for
this application. As far as is known, all steel aircraft armor was and sfill
is processea bty rolling, Details of the manufacturirg prccesses cf course Var}
from company to company dspeuding nore or less on the tncil;tzes.availablso
Both cpen hearth and electric furnace melting practices have besn used with
success, .

Little information regarding steal raking and roliing practicss is
found in published reports. Certa‘u logical assumpticns can be made however,
Becauze clean stoel is inperative, melting practices must be held under rigid
control from seloction of the scrap charge te tappiné. Ingot mold desiym 1s
nlso an important factor affectirg scundness of the finished armor plate, Sinose
the ability of steel armor to resist shock depends to some extent on the absence
of directional properties, the manner in wnich a plate is'rglied takes cn adled
importance,

Cleanliness, soundness and luck of directional properties are
prersquisites for high quality steel aircraft armor. The same characferistiol
may also be prerequisiias for other products which still would rot be

-6~
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interchangeable with armor. The distinctive features of armor plate ars inpurted
to the sisel by heat treating the rolled plates, Starting some time befcore iorld
viar 1I, the heat treatrment of steels began to assume a more scientific aspect.
The apcunulated knowledge of physical metallurgy was naturally applied to t“:a
sroduction of steel aircraft armor during the war years, The experiments with
refrigeration treatments to accomplish complete transformation of the face on
face hardened armor serves to illustrate the degree to which mstallurgical science
was used. The use of the metallurgical microscope, micro~hardness testing equip-
ment, impact test machines wu..! other laboratory tools to test and investigate the
results of heat treatment attosts to the control exercised over the treating
processes, . ‘

It is in order to mention that the intense application of motallurgical
science to the production of sircraft armor came about through completa cooperw-
ation between the producers and various government agencies, The Armor and
Projectile Laboratory and Light Armor Battery at the Naval Proving Grouzd, Dahlgren
Va., the Watertown Arsenal Laboratory and the Armor Branch of the Ordnance Research
Cen 2r at tho Aberdcen Proving Ground all contributed greatly to the i-:rovement
of aircraft armor., Valuable assistance was also had from such laboratories as the
Battelle !femorial Institute through projects conductud by the War letallurgy Com=
nittee of the National Defense Research Council,

Much of the interest of the last named agency above was directed toward
development of low ;lloy steel armor in an effort to conserve strategic materials, ;
#aile the results of such projects were not too fruitful where -~teel aircraft

armor was concerned, considerable knowledge concerning hardenability, heat treaating

&
and welding of steel armor in goneral was made available to armor producers through,}

2y
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HOMOGENEOUS ARMOR

Fundamentals

I. The Effect of Hardness

[
The resistance of homogenecus armor to penetration by a brojeotile,

depends, of course, upon the plate's ability to absorb the kinetic energy of

the projectile, This energy is absorbed almost entirely by plastic low of

the plate material, and homogeneous armor, therefore, diffars from face
hardened armor 1; that it is designed primarily to permit a maximum energy
absorption from pl{stii flow of the plate material without necessarily eny
deformation of the projectile, while the resistance of face hardened armor is
dependent primarily upon its ability to deform or break the projectile and the
absorption of energy by plastic flow is a secondary considsration,

This energy absorpéion by plastic flow is a function of both the
hardness and ductility of the homogeneous armor material, It must have a
relativoly high hurdness, in order that the plastic flow may occur at a high
energy level, and it nust h;ve a high ductility in order that plastic flow may
continue to large strains prior to fracture. This combination of high hardness
and high ductility is commonly referred to as toughness }nd this attribute is
the prime requisite’ for successful homogeneous armor. All of the metallurgical
factors to be discussed in this part of the report and the research and develop=
ment work to be described and proposed are, therefore, primarily aimed at the
atiainment of armor with optimum properties in respect to toughness,

Toughness;'however. as described above, involves a combination of
hardness and ductility and these two proportics are not entirely compatible, as
in general, the ductility tends to decrease as the hardness increases., Further=
more, the plaatic flow behavior and therefore the ductility is markedly affected

by external conditions such as the direction and magnitude of the applied

8=




stresses, the rate of applicatica of these stresses end the temperaturs, Thns,
in order to maintain an adsquate ductility to insure high energy abs:splics hy
plastic flow, it may frequently be necoessary to restrict the hardness rargs t«
‘& value consistent with the parficular set of external conditions which are
impesed,

This is illustrated by Figure 3 which depicts the ballistic prcpe:tis=c
of a single plate material, hout treated to a series of hardnass values, and
tested under two different ballistic.oonditiona.(4) It will be noted that rhe
.50 caliber testing indicates an increasing resistance to penetratiocn with
increasing hardness up to a certain limiting hardness, Leyond which the rare=
tration resistance rather abruptly decreases, This is the characteristic
pattern of the relationship between penetration resistance und hardnecs,

At hardness values below the limiting hardness, the benuvior 13
completaly ductile; the plate material is simply pushed aside by the pro;ectils
snd cn complote penetration ordinarily no plate matorial is lost, The anergy
absorption is entirely Ly plastic flow end the paenetration rcsistance is
dependent largely upon the stress level at which this plastic {low cccurs ;
which is determined by the hardness,

At hardness vaiues which are above this limiting value, hovever,
the behavior is no longer conmplsetely ductile, At these higher hardrasses the

“plastic flow is docidedly restricted and plate naturial may be lost by sralling
during a complete penstration. This limitation of the plastic flow results,
of course, in a lower energy absorption and ;he ponetration resistance corres-~

pondingly decronses,
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This limiting hardress for a given material and set of testing
conditions is known as the optimum hardness and represents, as just described,
8 critical toughness value, Furthermore, the ballistic performance at this
optimum hardness is primarily determined by the toughness of the plate material,
This implies that homogenseous armor improvement studies should be concernad
primarily with the factors governing toughness and that the results of such
studies can be quantitatively evaluated on the basis of ballistic testing at
optimum hardness for the given ballistic conditions with the assurance that
factors so evaluated will apply qualitatively to other ballistic ccnditicns,
This viewpoint considerably simplifies the planning and execution of such

studies,

II., Effect of Ballistic Coxndlitions

As nmentioned ebove, thae apparent ductility is affected by the pattern
of the co:-hined apylied streszes, by the rate of application of those stresses
and by the temperature, The éeneral effect of combined siresses is to decrease
the ductilit& or to qecrease the maximum strength level for ductile behavior,

For =vample, a material which behaves in a duciile manner in simple tension may
bsha: in a brittle manner when a restraint is imposed in the transverse
dire .on so that it is subjected to biaxial tension,(5)

The pattern of the combined stresses applied to the armor is largely
det. aed by two factors: (1) The ratio of the thickness of the plete to the
dis:  r of the projectile, (customarily designated as e/d) and (2) the obliquity
or .. angle of attack (custcnarily dosignated as @), The ballistic behavior,
and the optimum hardness for maximum penotration resistance is markedly affected
ty these factors. The general effect of decreasing the e/d ratio {increasing the

size of projectile attacking & given plate) is to decroase the apparent ductility

.
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or to decrease the optimum hardness. The general magnitude of the effect on
optimu+ hardness is illustrated in Figurs 4 taken from the work at the Naval.
Proving Ground under Technical Project No. 79.(4)
Te effect of increasing the oﬁliquity is likewise to decreass the \f i

i
ductility or optimum hardness. Thus, & much harder plate would be used to ©

-

resiet e normal attack than would be used for attacks at 30° to 40° obliquity.?f

This effect has not however been qdanti£atively evaluated to the sasme extent 2;

as the effact of the e/d ratio. ‘
. The general effect of increusing the rate c¢f loading is also to

decrease the ductility. This i3 however, very difficult to evaluate as the

striking velocities are so closely interrelated with the other variables,

e/d and obliquity, that it 1s vary 21fficult to isolate the velocity effect

itself. This effect has nevertheless been used by the Naval Research Laboratory

to evaluate armor compositions and metallurglcal factors. The N,R.L. test is

known as a "{inger tesi™ and involves shooting off a stundard notched sample

or "finger" as in an Tzod impact test but using a blunt projectile from a

.50 caliber gun to furnish the impact., The results are evaluated in terms

of the limit velocity required for coaplete fra:*ure and it is found that

inferior materials fracture in a trittle ma:- - a relatively low velocity

on this test,

Ductility is also decreased by lowering the tenperature. In fact it
is now a common practice to dasignate ductility in terms of the temporature at
which the fracture behavior changes from ductile to brittle on a notched impact
test, This furnishes an indication of the effect of temperature on ductility
undsr combined stresses and, while it camnot ba correlated directly with armu-
parformance, it doss furnish a much better comparative evaluation than the

we  CONFIDENTIAL

room temperaturc impuct values alene,
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The effact of temperature cn ballistiz perfor.ance can bLest be
illustruted by the tests carried out at Camp Shilo, Canaca in Januiry and
February of 1943. Hono:zsasous armor plutes in thicknessos of 1%, 1-1/2% aod 2%
were testod at Caxp Shiloh at temperaturas of from =15° to =35° F. Hanyepln:s;
wiiizh perforned satislacterily on room temverature tests, cracked cr sprlied
on the 3pecification shack test at thase lower temperatures.

At this point it shculd be mentioned that since most of the
experimental work and acceptince testing of aircraft armor has besn based on
ballistic tests with arnor piercing projectiles at ncrmal obliquity, nost of
the ballistic results guoted and referred to in this report are on this tasis
although in service otlique attazk or attacks with high explosive projectiles
are nuch mora probable than this rcndition. With the viewpoint expressad in
the section cn the e’fect of hardness in mind, hecwever, this is not as serious
as it might at first se~m. As pointed out in that section, the ballistic bae

havior at optinum hardnecz is prirarily dependent upon the toughnass of *us

. blate matarial for any given set cf ballistic conditions and the factors

geverning teoughness cun thersfore be evaluated in %arns of ballistic properties

under the conditions of a normal attack with an sricr piercing projectile with

- the assurance that the same factors will :overn the %shavicr undar oblique attack

ar ettac’es Ly high explosive projoctiles, The cptimum hardness, to be sure,
~311 very with the tallistic conditions and it will te obvious from this suviary
trat further work is needed to establish these optimum ranges for the various
ballistic conditions. The factors governing toughness, hcwever, which ars the
Cundamental answers which will apply to the ballistic performance of hoxnogen~
eous armor regardless of the ballfstio conditi-is can be satiafactorily
ovgluated or the basis of these ballistic tests at optizum hardness with armor
piercing projactiles o rormal cbliquities and such an evaluation 1g the primary

aim .of homogenecus ar~or i-provement studies,

12~
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Metallurgical Factors

I. General

ihe principal metallurgical fuctors affecting the performance of
homczeneous aircraft armor ares (1) microstructure, (2) heat treatment,
(3) composition and (4) homogeneity, These are all interralated and their
effects are often difficult to {solate either in practice or in discussion.
For example, the choice of a composition involves consideration of its hard-
enability or its ability to give the desired microstructure, of its effect on
the tempering bshavior and on temper brittleness and finally of specific effects
of the zarbon content and alloying elements, In addition, the "cleanliness™
or freedom from non-metallic inclusions may be influenced by the compositicn,
Thus, all of the other variables, microstructure, heat treatment and homo-
geneity —ay be involved in the choice of a composition or in considering the
effects of compdsiti;n. In general however, the primary variable is micro-
structure and the other factors may be considered as modifying the properti-s

or the performance of steels of the optimun microstructure,

IX. The Effect of Microstructure

A. Pure Microstructures - Tempered llartensite, Bainite and Pearlite
The optimum microstructure for homogeneocus armor is tempered martensite,
Its superiority has been established beyond doubt both on the basis of ballistic
performance and mechenical and impaoct properties. This is illustrated in
Figure § taken from the work of Queneau and Pellini at the Naval Proving Ground.(e)
This shows the comparative impact properties as u function of the testing temper=
ature for the sane steel, hLcat treated to tompered mairtensite, bainite, as formed

at 600° P, and pearlite, as formed at 1100° F. The tempered martensite ard bainite

“13-
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| are at essentially the same hardaness (220 Brinell) and the pearlite i3 at a

somewhr.t Tower hardness (200 Brirell). The superiority of tempered martensite
is evidenced not only by its higher impact values at room temperature tut by
its lowsr "transition temperature™, that is, by its retention of ductility at
low temperatures, This superiority would be erxpected to be reflected in

tallistic performance,

The inferior toughness of pearlitic microstructurss has been so wnll

established that such structures are never used for armor. Comparative tests

have, however, been made of lowsr bainite and tempered martensite.and generally
verys little difference has been fcund in their ballistic performance. This is
illustrated in Figure 6 taken from work at the Naval Proving Ground.(4) This
shows the ballistic porfermance es 2 function of hardness f:ir plates of the
same composition, quenched and te~jered to tempered martensite and austempered
to laver btainite, It is, however, important that this tairnite be formed at a
iow temperature.‘nanr-that at which transformation to martensite begins, as the
upper bainite microstructures, formed at the higher temperatures, ars distiactly
taferior.(7)

B., Mixed Uicrostructures

If tho quenching rate i3 too slow or if the steel is lacking in
hardenability, the transformation to martensite on cooling will be preceded
by a prior transformatica to higher tenmperuture tragsrormation products and
a mixed'microstructure will result.(a) These mixed microstructures will

alwﬁys have poorer properties than full tempered martensite and are therefore

- uwndesirable,

The non-martensitic products in these mixed nm.arostructures may be
prosutectoid ferrite or carbide, upper bainite or pearlite, and the properties

1epend upon both the nature and anount ol these products. In the opinion of

14«
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the authors, in the hardness runges usually used for homcgenecus aircraft armor,
pearli‘e is the most harmful, upper bainite next and ferrite the lzust harmful
of these products, Most homogeneous armbr compositioqs are hypo-eutectoid so
that pro-eutectuid caurbides will not usually be present but this constituent

13 decidadly harmful, particularly if it cccurs at the grain toundiries, It

is likewise unusual to find pearlite as a constituent of ti.zse structures in
the relatively high alloy compositions o;dinarily used for hcmogeneous armor
since the transformation rates in the pearlite tenperatﬁre range are generally
very slow in such 2lloy steels. The non-martensitic products in these steels
are tharefore generally either ferrite or upper bainite,

The effects of these non-inirtensitic products have not beean
quantitatively evaluated in term:- of ballistin perfcrmance or mechinical
properties as a Tunction of the p.-certuge of the non-martensitic product
but thair ¢sleterious eff=ct in general has been estatlished by ~any tests,

The effect of non-martensitic products cn notch irpact is 1llust-ated
by Figure 7 takeon [lrom the work of Hollomon and Jaffe at datertcsn Arsenulfg)
The inferior properties of the mixed microstructures are evidenced not only by
their lower iméact values at room temperature but by their higher "transition
temperature®; that is, the tempered martensite rotains its 2uctiliity to much
lower temperaturss than do the mixed structures. The distinet inferiority of
the tenpersd martensite-pearlite mixture is also indicatsd by this {ilustration.
These inferior nctch impact properties would presumably be reflected in inferior
ballistic perrbmanco.

These effects of non-martensitic products on nmechanical and balliatis
properties have teer systematically investizated for the X.D.R.C. by Lorig and
Associates at Battelle as part of a study of the "Correlation of Vs tallcgraphio

Structures and Hardness Limit in Armor Plate”{19) 1a this work, 1/2% plates
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were heat treated to various mixtures of tempered martensite, pearlite, upper
bainite und ferrite and tested ballistically at ‘atertown. The impact properfiea
of these plates as a function of hardness is shown in Figure 8, while their
ballistic properties are summarized in Figure 9. The full quench and temper
treatment resulted in essentially tempered martensite and was in general superior
in impact and ballistic properties, The intercritical quench resulted in a
mixture of tempered martensite und ferrite and this mixture was only slipghtly
inferior in impuct properties a.d showed no inferiority in ballistic limit at

a given hardness but had a greater tendency to back spalling. The 1070° F.
isothermal treatment resulted in mixtures of tempered martensite, farrite and
fin. pearlite, and those structures which centained appreciable amounts of
pearlite were found to be decidedly inferior in b&th impact and ballisti¢ pro-
perties. The 890° F. isothermnl treatment resulted in a mixturs of tempered
martonsite and upper bainite and its impact and ballistic properties were
intermediate between these of the tempered martensite and those containing
pearlite, .

The effect of microstructure is further illustrated by the resuits
of a thorouzh metallurgical examination of the plates which were tested ut low
temperatures at Shilo, Canada. This examination was carried out at Watertown
Arsennl.(ll)

It was found in this study that the plates which spalled or failed
the chock test were characterized by & mixed microstructure of tempered martene
site and high temperature tranaformntign products (ferrite and upper bainite),
while the plates vhich were successful on thsse tests showed easentially rull
tempered martensitic structures,. A typical microstructura of a plate which
showed poor performance on this test is shown in Figure 10 while the teupered

martensitic structure of a typical successful plate is shumm in Pigure 11,

-16-
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The deleterjous effect of grain boundary carbides was mentioned above,
This condition may occur in some of the higher carbon and alloy compositicns if

improperly heat treated, The effects of this condition are illustrated in a

Watestown Report(lz) which pointed out thut carbides at the graim boundaries

(as revealed by the lurakami etch) tended to produce spalling and by a Yaval
Proving Ground Report(ls) which showed that a segregation of small undis-
solved carbides .in 1/@" homogeneéua plates, resulting from improper heat ,

treatment, had resulted in a poor ballistic performunce against the 2Cmm H,.E.

\_,/
projectile,

III, Effect of Inhomogeneities

A. General
Homogenecus aircraft armor should, ideally, be truly homogeneous,

as any inhomogeneities will decrease its effectiveness, The above discussion
of the effects of —icrostructure has pointed out the general harmful affects
of inhomogeneous microstructures such as mixtures of tempered murtensite and
upper transformation products and the desirability of a uniform tempered
martensitic nicrostructure. In addition to this microstructural inhomogeneity,
inhomogeneities such as laninations, non-metallic inclusions, segregition and
banding may be present in homogeneous armor, As a matter of fact, since seg-
regation inviriably results during the solidification  of ingots end simce the
deoxidation of the steel invariably produces oxides which becoms non-metallic
inclusions, co:pletely:homogeneous armor is 1mpossibio; Furthermore, the
process of hot rolling changes the distribution of theso inhomogeneities and
thereby imparts directional properties to the plates and unless this is cure-
fully controlled, an anisotropy of properties will result., Thus, a certain
amount of inhcrnogeneily will always be bresent and the aim nust be to miniize

these inhomogeneitiez and their harmful effects rather than to completely

eliminute then,
«17w
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B. The Effects of Laminatlions

The term lamination ordinarily refers to any separation which is
visible on the cross section to the unaided eye. The most common cause of
lamination of course is "piping" or insufficient cropping so that the
shrinkage cuvity remains in the plate, Laminations may also result from
savere gegregations of non-metallic inclusions or from "flaking™. The effects
of non~metallic inclusions will be discussed in the next section, "Flakes"
which are internal cracks formed ordinarily during cooling from rolling are
fortunately rather infrequently encountered in aircraft armor since the plates
are generally relatively thin and the cooling stresses are low,

The effects of these actual separations or laminations wculd certainly
be quite serious but as indicated above, such drastic inhomogeneities are in-
fraquent and their effect in aircraft armor has not been quantitatively evaluated
in terms of ballistic performance, ’

C. The Effects of Non-lotallic Iﬁeluaions

In general, non-metallic inclusions tend to increise spalling und t>
lower the optimum hardness for best ballistic performance under a given set
of conditions, The magnitude of the effect, however, will vary with the
amount, the nature, the size and the distribution of the inclusion particles,
Pisstic inclusions, which become elongated during rolling, are ordinarily more
harmful than the more refractory inclusions such.as alumina which tend to remain
in small disjoined particles, These latter types of inclusions may however be
quite harmful if they are in clusters which are lined up into “stringers”
during rolling.

A quantitative evaluation of the effect of n;n-metallic inclusions
on ballistic performance is reported in a Naval Proving Ground Memorundun‘l4)

which will serve as an illustration of their effect. This memorandum reported

)8«
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cn an investigation of ballistic failures of light ermor plate, The inclusion
contgﬁts of 1/4" plates were rated by measuring the total length of inclusicns
over 1/2" in length at 200X magnification, measured along the center line of
ten fields each six inches square at this magnificatiocn. All samples were
longitudinal to the direction of rolling., Representative fields and thsir
count are shown in Figure 12. The correlation of thfs count with spalling X
tendency as determined by the diemeter of the exit hole is shown in Figure 13, i
The correlation with ballistic performance on the 2C-n H. E, shock test is
shown in Figure 14, It will be seen thut the correlation is very good; the
fdirtier™ steels showing markedly larger exit holes and lower resistance to
20mm H, B, projectiles,
D. The Effecé of Banding

The segregation of carbon and the alloying elements during solidi-
fication and cocling of the ingot will be reorientsd during the hot working
process so that the final plates wiil show a 1lcro-sagreg;tion or banding,
parallel to the final rolling directio=. The harmful sffs.% of this banding
rosults principally frem the fact that some of these tands will have a low
carbon and alloy content and congequently a low hardenadility, Therefores,
unless u sufficiently drastic quench is used to insi-s full transformation to
martensite in these low hardenability baads, high te—;erature tranasformation
will occur in these bands and an undesirable micros::uct%{e will result, 1f
the heat troatment is properly adjustad‘to insure traniformation to full
martensita in these bands, however, banding wiil not crdirarily te particularly

v

harnmful.
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E. The Effect of Mot Working and the Direction of Rolling

As mentioned atove, hot working results in a reorientation of the

" inclusions and segregated ureas so that the final plate may have xarked

directional properties dependent upon the relative amcunts of hot workizg !n
the transverse and longitudinal directions with respect to the original i.rot,
Plates which have been "straightaway™ rolled, that is, in which all ¢f the

rolling has been parallel to the longitudinal direction of the origiral ingot,

exhiblt marked differences in ductility in the trunsverse and lonzitudinal

directions; the transverse properties being distinctly infarior, Such plates
will show corresponding differences in bgllistic performance depending upon
the relation tetween the angle of attuck and the rolling direction. Thay
will also tend to split longitudinally under a high explosive impazt and <heir
resistance to such an attack will be low,

In order to offset these defects, plates should be cross rolled;
that is, the hot workinz should include reductions in both the lenzitudinal
and transverse directions and if possible the transverse ard longitudinal
reduction shculd be apgroximately equal in order to equalize the properties
in each directien. Kill limitations may often preclude the attainmaat of
this ideal condition of f£ifty per cent of the reduction in each direction,
however, but this should be approached as closely as possible within thase
limitations.

Uany cases of poor ballistic performance from insufficient cross
rolling have been noted, but the effect has 1ot been systematically inzesti~

gated, -
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IV, The Effect of Heat Treatment

e ———— g T v S

A, Genaral

Sinc;. a8 indicated above, the first requisite of good homogeneous armor
is a suiiable microséructure. the heat treatment must, first of all, te alirad at
the attainment of the desired microstructure. The usual heat tresutmen® 1: a
quench and temper treatment and the desired microstructure is full tempered
martensite, In order to insure the attainmnent of the full martensitic micro-
structure, the austenitizing and quenching practice must be propaerly planied
and carefully controlled, and, as will be discussed later, in corder to insure
optimum properties, the tempering operaticn must likewise be planned with the
particular application of the plate in mind and must also be carefully controlled.

B. Austenitizing

In planning the austenitizing treatment, first consideraticn nust be

PO

given to the attainment of full carbide solution and a homogeneocus austenite
in order that full advantage may te taken of the hardenability eflfaects of the
alloying elements, The austenitizing tenperature and time must therefcre ba
sufficlont to accomplish this result bu: not so high as to result in s pro-
nounced grain growth, Some of the higher carbon, higher alloy steels may ’
require rather high temperatures of the nature of 1650-1750° P, to acco-plish
this result. Along with these higher temperatures goes a greater danger of
docarburization during the austenitization and this must bf guurded against
by use of a protective atmosphere or other suitable protective measures.

The soluticn of carbides in heating for quenching may often be ' *
facilitated by a pretreatient consisting oé & vormalize from a relatively high
temporature which will fnsure conplete solution of the carbides and their

precipitation as relatively fine particles which are more readily solublse during

w2le
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the final keating for quencﬁing. This pretreatrnent is practically a neces#ity
for the higher carbon, high alloy matcrials and may or may not be necessary
for the lcwer carbon and alloy compcsitions,

Zxangles of the deleterious'effectsvor incomplete carbide solutlon
are reported in a Watertown Arsenal Report(ls) and in a Naval Proving Ground
Memorandum.(ls) The wintortown report showed that a retreatment of 1", C.507
carbon, hizh alloy plates markedly iaproved the ballistic performance. This
retreatment was primarily simed at cbtuining a complete solution of carbides
and included a preliminary high temperature normalizing treatment prior to
the quench.

The NWavel Proving Ground rmemorandum compared the ballistic properties
of 1/4" plates af.tho same composition; heat treated by two different companies,
using different practices. The ballistic performance of the plates which were
normalized snd quenched from the hisher temperatures with resultant sotter
carbide soluticn ware markedly superior,

C. Quenching

The guench must first of all be rapid enough %o obtain full martersite
vithout prior transformation to higher temperature transfermaticn produnts., The
choize of *he quenching medium will'be defermined by the composition of the
steel and the limitutions in regard to distortion and cracking. 0il quenching
i1g the most cormon for the relatively high carbon and high allcy natarials

customarily used for aircraft armor. Some means of agitation, snch as punps
or propellers, should be used to insure the necessary rapi¢ and uniform
quenching. Quench cracking is & serious problem in these materials and in
order tc nininize this tendency, plates should e gquenched only to a taapsr=
ature low enocugh to insure essentially complete transformetion to martensite
and should to tenpered i:mediately after quen;hing.

-22<
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D. Martemporing
An alternative quenching method vhich is hslpful in reducing the

tendency to distortion and cracking is that of "martempering®. This procedure
invclves gasnching into a salt or molten metal bath at a temperature near ths.

at which transformation to martensite begins (the g Temperature) holding

at this termperature long eacugh to equalize the tcmperatura throughcuw “hs

plate and then air cooling to room temperature, Since the temperatwre is

v = eeem e e

equalized throughout the piece and the :coling through the martensite temper-
ature range is relatively -slow, the formation of martensite is accompanied
by much less stress than in the usual practice of quenching through this
temperature range, and the distorticn and danger of cracking is thereby
greatly decreased, The method has the disadvantage of requiring steels of
somewhat higher hardenability than would be necessary for oil juenching
because of the lcwer cooling rates of the liquid taths at the martempering
temperatures,

No reports are available as to the ballistic perfcrmance c¢f plates ,
treated by this method, buit the method has been applied successfully to the
heat treatment of armor piercing projectiles aud would seem to offer pro-ise
as & method of heat treatment of armor,

B, Austempering

As mentioned earlior in this study, lower buinit{c microstructures
have propertI;s vhich are generally similar ‘o those of tempered martonsite
and likewise exhibit similar ballistic properties. Austempering to icwer

tuinite, therefore, offers another alternative practice which mirimizes

. stresses, distortion and danger of cracking, :1o'procoduro involves quernching

to the austempering tempeiature, which chould be not more than 100° ¥. abeve

tho My temperature, and holding at this tempsrature. icng enough to insure

.28«
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complate transformation to bainite, The plate may be quenched or air 'zccledi
from austsnpering and may, if necesssry, be tenmpered to the desired harduass.
Austempering also had the disadvantage of requiring a relatively high hardsaa=-
bility steel to prevent hirh temperature transformation during the cocling to
the austenpering tenperature and the additional disadvantage that the austen;er-
ing timas for these rslatively high hurdenatility stoeis aré usually quite targ
and the process is thersforo tims consuming,

F. Tenpering

The purpose of tenpering is to reliove stresses and to increase
cuctility. In general, as the tempering temperature incrauses, the hurdness
decreases and the steel bacomes more ductile. Anomalous hLshaviors may occur
during the tempering operstion, however, so that this increase in dué+ility
is not always a continucus function of the tempering temperaturss, In order
that the optimum properties of the quenched and tempered staels nay be attained,
it is impc.tant that the general nature of these anomuicus bohuviors bLe re-lized
even though their mechanism may not be understood,

The first of these anomalous tehaviors occurs on tempering in the
temperature range of fronm 500 %o 700° F, Most alloy steels ~xhibit lower
ductility after tempering in this range thon on tempering at aither hiphar or
lower temperatures and this range should thorefore te avoided,

Yany of the highar alloy stwels, particularly those containing the
strong carbide forming elements such as molybdonum, vanadiam or titanium,
exhibit the phenomenon kmown as secondary hardening. These steels may actually

increase in hardress on temgering in a certain temperature range, presunsbly

o
i
“t
o

bYecauss of a Jelayed precipitation of fine alloy carbides, and a marked an~
brittlome:ﬁ cccurs, This temperature range will vary with t he composition

but is usually batweea 900 aad 1100° P, Goed ductility %11l again be obtsinad

-24~
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on tempering at temperatures above this range. As a matter of fact, the
ductility of such steels when tempered to a given hardness at the high tewper-
atures is generally superior to that of steels which do not contein these
cecbide forming elements. This is apparently a reflection of the fact that
ths tempering tenmperatures for a given hardness in steels of this type ar«
higher than in st;els without the carbide forming elements,
A third anomualous behavior on tempering is the phenomenon known
as "temper brittleness™. This is evidenced ty a marked embrittlement
(usually revealed by notched impact tests) on slow cooling from tempering
temperatures of 1100° F. or above or on terpering in the rangs of temperatures
of from about 850° to 1080° F, It is generally most pronounced on slow cooling
from about 1100° ¥, or on rszheating at about 0£0° to 1000° ¥, The suscepti~
bility to this phenomenon varles with composition. High manganese, chromium
and phosphorous ccntents increare the susceptibility and molybdenum tends
t; decrease tha susceptibility., A comprehensive survey of the available
information on this subject is presented in a Watertcwn Arsenal Report.(ls)
A review of this phenomenon and its relation to the heat treatment of ordnance
material is presented in another Watertown Arsenal Report.(17) A further
study of the phenomenon was carried out at the Naval Proving Ground end has
been published as a paper for the American Society of Metals.(la) This
embrittlement can be very l;riOUI in armor and the following precautions
should be observed whenever possible to mirimize its effect,
1. The composition should be designed to minimize the
susceptibility to temper brittleness,
2. thenever possible, within the limitations of the hardness
requirements, tempering should be at temperatures above 1100° P, followcd

by water quenching to room temperature,

-26-
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3, If it is necessary to temper in the range of 850° %o
1050°F. this tempering should generally involve the shortaest holding
tim2 which is practicable and should likewiss be followad by water
guanching to room temperature.

The effect of temper brittleness on impact is illustrated in -
Figuroe 15 taken from the work of Queneau and Pellini, I% should be rnoted
that not only is the room tempuratire impact value lowersd by the enbritile-
ment but that the tiansition temperutgre (the temperature of change from
ductile to brittle tehavior) is markedly raised,

Some of these effects of the tempering temperatures are illustrated
by Figure 16 vhich is based on results of work at the MNaval Research Laboratory.
This curve shows the ballistic psrformonce of five steels as a funcﬁion of
the %empering temperatures. The "P" value, which is the ordirate of this
curve, is an expressicn of the energy absorbed during peretration at fﬁe 1imit
velocity (cal. .50 bullets vs. 1/2" plate at C° obliquity) and the tempering
terparature is that which was used for cptimum harduess., Thus, both thas
"P" value ard the tempering tenperature are vepresentutive of optimum per-
fcrmance, Of the five st2els used in this study, three were nickel=chromium
compesitions at .29, .76 end ,48 carbon and vwo were chrome-mcly-varnadium
corpositions at .48 and .56 carton. The lcwer tempering temperatures apniy
to the nickel-chromium steels and the higher temperatures to the chrorc-:ani-
vanadirn stuels, with the steels of hipher carton contents having the hizher
temporing temperatures in each group. The trend toward better ballistic
perfornance with the higher tempering temperatures is clearly indicated,

It is porhaps significant, however, ihat the tempering temperatnres for ihe
nickel-chroniun steels are all within the temper trittlensss range while

those fer the chroma-moly-vanadiun steel are above this range. The »cs.lta
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do, nevertheless, indicate an effect of temporing temperature at tomperatures °

above that at which temper embrittlement would be expected to occur,

V. The Effect of Composition

A. Genersl

The predominant effect of microstructure on the performance of
homogeneous armor has been emphasized throughout this review and, therefore,
the first requisite of a composition for homogeneous aircraft armor is a
sufficient hardenability to obtain the desired microstructure -.usually
tempered martensite. This hardenability is determined largely by the alloy
content, The alloying elements which are most usaful for this pufpose in
the general order of their effectiveness ure molybdenum, chromium, mangancse
and nickel. Armor stcels will necessarily contain one or more of these alloying-
elements and since it has been found that smaller amcunts of several elements
are more effective than a large amount of a single element, they will usualiy
be used in comvination.

Although hardenability is the prime req;iaite. there are also secondary
effects which must be taken inte account in choosing a composition. These include
a possible specific effect of carbon content, the effect of tempering temperature
and the effect of alloys on the tempering behavior, and finally, th; effect of
the composition on the susceptibility to temper brittleness.

The prerequisites of a composition for homogeneous armor may be
sunmarized as follows:

1., A sufficient hardenability to obtain a microstructure of
tempered martensite or lowur buinite under the heat treatment condftions

to be applied,

27w
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2, An alloy content such that the susceptibility to temper
brigtlenoss is minimized, This, in general, implies the lowest alloy
contert whidh is consistent with the requisite hardenability, togeghpr
with the use of sufficient molybdenun (generally at least 0.25%) to
minimize the susceptibility. In general, the manganese, phosphorus
and chromium contents should be held low uniess their offect is offcst
by the use of a sufficiently high molybdenum content,

3. An alloy content such that the tempe: ing temperature for
the optimun hardness for the given ballistic conditions is relatively
high (preferably 1100° F. or above), This implies the use of the strong
carbide forming elements such as molybdenum or venadium., This is advant-
ageous in decreusing temper embrittlement as well as in respect to the
inherent advantages of the higher tempering temperatures,

4, 1 relatively high carbon content (,45% and above). There
i3 considerable esidence cf an intrinsic adventages of the higher ccrbon
compositions,

8. The Effoect of Carbon Content

4 .

The factors mentioned above, hardenability, tempering temperature
and fempar brittleness have all been discussed earlier in this study. Work
at the Naval Proving Ground and also at the Navel Research Laboratory has,
however, indlcated a possidble spscifis effect of carbon content, The Naval
Proving Ground results will be cited as illustrative of this effect. These
results are presented graphically in Figure 17 as a plot of the ballistic
limit of 1/2" plate against ,50 caliber projectiles versuc the carbon content

for steels of four differant base compositions. Tho 52100 steel in this plot
was somewhat lacking in hardenability so that it prcbably does not repressnt

optimum ballistic properties at this carbon content,
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Although this correlation with curﬁon content is gocd, it should be
pointed out that the tempering temperature for a given hardness likewise in-
creases with the carbon content and this epparent effect of carbon content
muy, thereifore, be only a reflectiocn of the tempering temperature effect.

It i1s also perhaps significant that tne nickel-chrome steels are known *o
be suscaptible to temper brittleness and were tempered in the temper eme
brittlexent temperature range.

Q. The Cooperative Homogeneous Aircraft Armor Develepment Program

A very comprehensive study of the effects of composition was carried
on during 1942 and 1943, Heats of seven differsnt basic compositions were
prepared by five different manufacturers and rolled to §/16", 3/8" and 7/8"
plates, These plates were distributed to seven different companiss for hLeat

treatment. Ballistic testing was carried out in duplicate at Aberdeen and

the Naval Proving Grounds, Ballistic “ests included ,30 caliber A.P. M at o°

and 30° obliquity, .50 caliber A.P. X3 at 0° and 30° obliquity, 20rm H., B,
° .
at 20 and 37m T.P. M51 at 0%, although not all piates i.ore tested under

all conditions,

Code No, € Mn s P03t M Cr

AAL .46 .63 ,012 014 .23 -= 1,18 .20V
A2 .36 .24 ,015 L0156 .24 3,13 1,17

AAS .36 .50 ,003 ,013 .23 2,35 = .91 Cu
A4 429 1,06 ,020 .011 .33 1,05 .14 .27 Cb
AAS .36 .62 ,007 ,013 ,20 3,60 ~-

ARG .39 .60 011 ,012 .17 .- 1.16

AA? 48 .27 ,017 .,013 .28 3.04 1,32
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The reéults at both proving grounds indicated a decided superiority
for analysis AAl. The other compositions fell into approximately the following
order of decreusiné merit - AA7, AAS, AA3, AAS, AA2 und AA4, although thore
were iandividunl dilferences among the various testing conditions and also in

some cases bhetween the tests at Absrdeen and those at Dahlgren, The perfsrmance

of AA4 was consistently the poorest, howevor, under most of the testing conditions

and at toth proving grounds. Complete reports of these results are contained
in the Naval Proving Ground Report lo, 11-43(19) and several Aberdoen Proving
Ground Reports.(zo) (21) (22)

The results of these tests ars in general accord with the factors
governing the choice of composition as discussed above, The poor performance
of AA4 apparently reflected both a lcw hardenability and a low carbon content.
The other plates ell seemed to have sufficient hiardenability with the possible
axception of some of the 7/8"™ plates and the perfermance can in general be
sorrelated with either the carbon content or the tempering temperature for
optimui hardness, It was pointed cu% in the Kaval Proving Ground repbri that
the bailistic perforrance of armor currently being furnished by one manufuctur::
w#as superior to the results of composition AAl on this test. This presuasadly
reflacted the higher cuarbon content (.£0% to .604 C) of the then current

production armor,

VI. Recommendations for Future Resaearch and Dovelopment

A, The Effect of Hardness and Ballistic Variables
1. A comprehensive program is currently being carried out jointly
by Aberdeen and Watertcown Arsenal. This work should be continued and its

result. coordinated with the results of studies of the metallur;ical faclecrs,




B. Microstructure |

1, PFurther studies aimed at the quantitative evaluation of the effects
of upper bainite, ferrite and pearlite on the properties and ballistic performance
of temgzred martensite, Such work Qould serve to evaluate the permissible de-
viations from optimum =icrostructures and would permit an intelligent evaluation
of the minimum hardenability requirements and alloy contents for this service,

2, Similar studies of the effects of undissolved carbides,

C. Heat Treatment

1. In the interest of production and alloy conservation, develop
water quenching practices which would permit rapid quenching and still mininize
the danger of distorticn and quench cracking,

2. Develop and evaluate techniques for rapid temperiﬂg in order to
minimize temper brittlenass.

3. Compare the ballistic perforaance of martempered and quenched
and tempered plates,

D. Homogeneity

1, Szudies ained at a further evaluation of the effects of the
types, amounts and distribution of non-metallic inclusions,

2, A further quantitative evaluation of the effects of the degree
and the directions of hot working in order to establish limitations which
are consistent with an economical commercial'practioe.

E. Composition

1, Further basic studies of tho effects of the alloying elements
on full martensite hardenability.

2. Further evaluation of the effect ¢f carbon content, The relstive
role played by the carton content itself and the corollary effect of tempering

temperaturcs should be definitely established,

3l
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3. Studies of the effects of the alloying elements on the tempering

behavior together with studies of the embrittling effect of "secondary hardening®.

4, Basic studies of the factors involved in temper brittleress ~

including further evaluation of the effects of alloying elements in this

behavior, - .
' 5. Development of compositions which can be water quenched without

a serious sacrifice of ballistic performance and without serious querch cracking

or distortion,
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FACE HARDENED ARMOR

I. The Purrose of Face Hardened Armor

In contrast to homogeneous armor, where the resistance to penetration
by projectiles depends principally on the ability of the armor to absord th.
kinstic energy of the projectile, face hardened armor is designed to resist

penetration principally by dissipating the projectile's energy through de-

formation or déstruction of the projectile itself. Although high hardness

homogeneous light armor hus been used at times to attain the same end, the

concept of an optimum hardness (or homogeneous armor, explained earlier, =akes

the linited application of such armor readily understood, Face hardened armor

therefore may be seen as u combination structure, It has a high face hardness
to deform the attack.ag projectile and a softer more ductile back to support
the face material, Wnen face hardened armor cannot cause the projestile to
deform, it inmediately becomes inferior to optimum quality homogeneois armor
since the full energy of the projectile must be absorbed by the armor which

because of low ductility in the face portion can ebsorb little energy by

plastic flow,

I11. MNMetallurgical Factors

A. The Hardness Pattern
From the foregoing, it is apparent that three important variables in

fase hardened armor are the face hardness, the back hardness and congequently
the gracdieni between the face and back. A considerable amount of investigation
and experinental uork on such of these factors was reported during and immed-

iately after World War II. The reportod results for each individual factor

will be discussed separately,
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1, Face Hardness

Although face hardened light armor had been made by various manu-

facturers for years, it is evident that the relationship tetween btallistic performance

versus armor piercing projectiles and face hardness may not have beeh recognized
befcre 1938 or understood too vell before 1942, In 1938, the llaval Research Labore
atory while commenting on tests reported by Wutertewn Arsenal(as) and confirmed at
the Naval Research Latoratory stated that the ability of 1/4"™ face hardened plate

to break caliter .30 armor piercing cores was noteworthy.(24) Also in 1938,

e ) ey - s g —— o -

Watertown Arsenal reported on an investigation of thirty~one face hardened plates

vwhich had accunulated over the periocd of years from 1922 to 1938.(25) oOne of the

conclusions reported was that plates which passed specification had an average

face hardness of 542 Brinell while failed plates had an avera;e face hardness of
465 Brinell,

The plates studied in the early investigations mentionad above were
carburized plates as were all cummercially furnished face hardened light armor

plates of the tinme. Investigations of other methods of producing face harde .ed

- ememeep aen

armor were going on, however, and consequently when the demand for light armor fbr
aircraft increased with the outbreak of Werld War 1I at least one company started
furnishing nitrided plates. The face hardness of the nitrided armor and carburired :
arror supélied during the period from 1938 to 1941 was usually high (600 BHN and
higher) and the ballistic linits were fairly consistent.

In 1941 and 1942, several firms inexperienced in the manufacture
of light armor qualified to produce th.is material by still another method known
as the Pluranelt process., Production difficulties in the form of ballistic fail- E
ures soon beset iwo of the companies furnishing aircraft armor t» the Navy Depart- |
ment, however, and the Armor and Projectile Laboratory at the Naval Proving Ground,

Dahlgren, Va. was requested to investigate the materill.(zc)
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A wide variation in penetration resistance shown by test plates of the
new material sas noted. In an effort to determine the cause or causss of the wide
variation, eizhteen 1/2" plates were selected for investigution., line were "A™ Com-
pany plates wich had failed to pass the ballistic test, five were "A" Compeny plates
which had passed and four were "B" Company plates which had passed. Upon %.vesti-
gation it was fcund that wheraeas fhe acceptable plates had a minimum face harduess
of 555 BHR, ncne of the plates that failed had a fuce hardness as high as 5855 SHJ.
Three of e failed plates were retreated at the Laboratory and subjected to further
ballistic tasting. The hardness and ballistic test results before and after re-
treatment arz shown below,

FASDIESS AND BALLISTIC THST RESULTS CY THREE PLATES RETREATED AT
ARMOR AND PROJECTILE LABORATORY

Ballistic Limit vs,
Brinsll Hardness + S0 Cal, AP at Norwal

Pista Ho, Condition Face Back (foot seconds)
3 Original 512 460 1930 failed
3 Retreated 600 430 2330 passed
S Original 5§32 387 2020 failed
s Retreated 600 418 2170 passed
9 Original 532 378 . 1800 failed
9 Retreatea 665 376 2170 passed

Further investigation of plates submitted by the two new light
ermor maau:lasturers indicated that the low surface hardness which was blamed fer
the high perceatage of ballistic failures was caused by inadequate heat treatment
and/or surisce decarburization., The plates retreated by the Laboratcry to rass
ths ballistic test merely showed the benefits to be gained by prcper heat treate
ment. The ;rosence of varying depths(.007" to ,030") of surfaze decarburization
was note o~. a further investigution to evaluata the effsct of decerbuiizat:our

was insu;:rated,
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Ina report(27) dated June 20, 1943, the Naval Proving Greound

disclosed their findings concorning the effect of surface decarburization and
further confirmed their earlier theories on face hardness. By ;:}x'eful testing
and investigation they had determined that a face hardness of 600 BHN is suffi-
cient to fracture the core of the ,50 caliber A.P,. Mg projectiie~. A correluation
with the "Knoop" microhardness of the surface layer was equally good, From a
large nu~ter of plates tested, it was found that if a 1/2" plate has a "K:uoop"
hardness less than A0 at a depth of 010" the plate will probably fail the

.50 caliter test specified in Navy Department, Bureau of Ordnance Specification
Humber 2775,

While the foregoing statements regarding minimum Brinell hardness
on the face anci minimum "Knoop" microhardness at a depth of 0,010% at first
appear inconsistent, an understanding of the extent and effact of decarburi-
zation clarifies the apparent contradiction, Surface preparation for a
Brinell test involves removal of a surface layar to obtain a clean flat sur-
face for the Brinell ball impression. The surface layer reored contains all .
or at least the worst part of the decarturized portion of the plate cross i
secticn, Thus, the minimum 600 BHN face hardness is not found on the face
tut ruther at a slight depth under the face., The material between tha actual
faze und the plane of the Brinell test impression, being decarturized, is s
softer. The minimum of 540 "Knoop" at a depth of 0,010 thorefore -defines
the allowable depth of ddcarburiszation,

During the invostigatic;n reported in N.P.G, Report No., 12-43,
1t was found that the ballistic limit of 1/2" plates vs. .50 caliber A.P. Mp

projeztilas could be raisea by as much as 800 f‘t./uc. by grinding off the

;
)
%

soft decarburized surface layer, For instance, plate NB45RR had a lizit of

1206 ft./sec, »s received for acceptance testing, but on grinding the face
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to a depth of 0,048", the plate limit was raised to 2033 ft./%ec. The hardness
distribution curve of thes plate is shown in Figure 18 where it ﬁill be sesn
that *he surface hardness was inoreased frem 400 to over 600 "™Knoop™ by the
removai of the decarburized layer, Vhen the decarburized layei was removed

by grinding, the bullev core fractured into many small pieces even on ccm~
‘plete penetration and a clean punching was removed from the tack of the plate,
Typical cores and fragments of .50 caliber bullets fired at ground and un-
ground areas of decarburized élates as shown in Figure 19,

The necessity for a minimum hardness on the face to break
hardened steel projectile cores thus has been well established, The carliest
. suggestion that perhaps there is an optimum face hardness is found in a Naval
Proving Ground L'emorandun Reportsae) The report concerns an investization of
two 1/2" thick plates which had spalled excessively on ballistic testing., The
conclusion of the report are as followss

"The cuuse of face spalling on the subject platas was
found tp be Jue to an excessive hardness gradient between the face
and the back of the plates, This hardness condition, probably due
to an Insufficient time at the original drew temperature, was zon-
siderably improved bty reheat treatment. On a second ballistic test,
the resistence to spalling on one plate was found to be markeily
impreved and spalling was entirely eliminated on the other, It is
also to be noted that wi en the face spalling condition was elixine
ated, the ballistic limit was increased somewhat,”

Figures 20 and 21 show hardness patterns of the two plates
investigated before and alfter reheat treating, It seems significant that the
ballistic limit of platc G70-5~38R was increased FO f.s, by retreating and the

peak hardness of the retreated plate was 50 "Kncop" lowsr than the originel
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HICROHARDNESS ~ DISTRIBUDICH THROUGH  CROSS
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—

Plate Ko. G70 - & - 38R
BALLISTIC R&SULTS
(Limite corrected to .500" Gaj
\ % Faoe Str.Vel.(fs)
' PLATE (et 540 "K") Cal..£0 AP Remerks __ ___
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BIGMHARDEZ 2 | DISTRIMUTION  THcUsd oot ss BRCRI s
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Plate No. G670 - & - 31R
~
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([
|
\
|
\
\ o
- \ . ' H
\ ' ; a
\ BReheat Treated
4‘(/”’ (arL)
S : :

- '
~ /" A
S —\!
!
1 1 ] (] A L. [ 1 L 1 1 -

(o] 1 2 3 4 s o ? 8 9 10 1 12
Digtence from Pace (xillimeters)

t, 1™ owa, 1284 (AFL) " ee COFTIDENTIAL . 22 Ausuct, 1o

IGURE 21

——— o

- - — o

ORBRG i k 52 e  Srs + 207 w0




peak hardness, Likewise, plate G70-8-31R gnd a ballistic limit 28 f.s, higher
after lowering the peak hardness. Incidentally, it may also be notsd thaet tho
depth of [:ca cf tho reheat troated plate wms groater than the original dapth
in ons case and less then the original depth in the other case. The improve-
mont in ballistic performance therefore must be dﬁe to the lower face hardnecs,

A ﬂatcrtcwn Arserial investigator in a report dated March 1, 1945(2°)
vias perhaps mere forthright in suggesting that there is an optirmum face Lardness.
In discﬁ;sing the hardness charuacteristics of plates under investigation he
saids

"It is folt that the hardness (800 VPN) of the heavier
gauge plates is somowhat higher than is desirable in face hardened
arqor, The hardness of ‘*he case should te at the minimum necessary
to shatter projoctiles,™.

Further support of the theory of an optimun face hardness may
te found in results of shock tastc on fuce hardened light armor, Tests reported
by the llaval Proving Ground(eo) have shown that the resistance to shock of
20nm H.B. projectiles at 20° obliquity was impaired by subjocting a muzher of
3/8" and 1/2" platus to a refrigeration treatment following the regular treete
meat, Since the refrigeration treatment will be discussed in more detuil later
it will sufTice hare to explain that the purposes of such treatment wus to raise
the foce hardness., It is evident frem the results of these tests that the
optinun fase hardness for shock resistance is the same as the optimum fuce hard-
nass for resistanco to penetration of armor piercing projectile cores. The ffcg
that an unusunl amount of spalling occurs on excessively hard face plates may

possibly give some indication of the mechanism of failure,

».( < ‘i\:
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Since the hardness and metallurgical characteristics of armoe
plercing projectiles may tend to change with sach successively larger size so may
the characteristics of the armor face change with increasing plate thiclmess. It
is tharefers suggested that further studies Lo establish the minimuwa end optimu-
face hardness for each of the common thicknesses of aireraft armor be considerad,

2. Depth of Face

Although there is ovidence to indicate that thaere hai been
numercus attempts to determine the effect of depth of face prior to the
World VWar II period, it is apparent that many such attempts were made with the
immediate objective of finding a material tc mset a certain test cendition., A
general lack of knowledze of the relative importance of each of the variablss
in face hardened armor and the lack of a sinzle criterion for doterniniag the
depth of face prevented 130lation of the effect of depth of face in the early
attempts,

At the start of World War II, hardness re~dings on thse fa-e erd
back of face hardened armor were repcrted but still thare was no mention of
dopth of face. It was realized by this times, hcwever, that a minimum decth oy
face was nécossary. Variéus experiments wherein a shallow hardness was 1mparted
to the surfaze of armor by chromium plating, nitriding or spraying retal had
established that point. 1In zeneral it was believed that the face layer should
be fairly deep. This telisf likely was based on the fact that heavy face hard-
ened naval armor usually ha& approximately a 40X chill depth and also the fact
that the most successful face hardened light armor had been processed by car-
burizing the face to a depth of 30% to 40X,

Ksasurement of the case depth on etched specimens or fracture
specimens was a fairly rough ostimate at best, Attempts to measur9 the case

dopth by analyzing successive thin layers for carbon content and noting the ,,‘f3i«;
(.,{2“'.\..‘. AR
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depth at which the ladle carbon conteat was found also resulted in rough estinates.

As abrasive dise cutting machines and small impression hardness testing machines
came into more general use, cross section hardness surveys cf fuce hardensd light
armor wsre rolatively easy to obtain, Arbitrary selection of a hardnsss level t.
define depth of face was the next logiéal step. .The Naval Proviné Ground Labora=-
tory, in the belief that the effective part of the face on light armor was that
with a hardness sbove 540 "Knoop" (approximately 500 Brinell) established that
value as a criterion for meusuring .bhe depth of face, They also contended that
this depffh could be accurately determined because of the st;eep hardness gradieant
at 540 Knoop. letallurgical investigation reports published by the Watertown
Arsenal Laboratory in 1944 and 1945 referred to 550 VPN as the criterion for
determining the depth of face, This vaiue is consistent with the value adopted
by the Naval Proving Ground.

It is believed that the most important work in isclating the effact
¢f depth of face was done during 1943 and the years follcwing., Armor produced by

the "Pluramelt™ process was used for the investigation. In this process a 2%

'layer of high carbon alloy steel is deposited by an electric-arc on a base metal

slab of a low carbon steel of similar alloy content. The composite slab .s Lhen
rclled to the required plate gauge, A wide variation in the ratio of face to
btack was obtained for the experiments by varying the thickness of the slab on
whizh the 2% layer of high carbon stesl was deposited. Untreated plates cf 3/8",
1/2", 5/8" and 7/8" were procured for the experiments. Following heat treating
by the Armor and Projectile Laboratory at the Naval Proving Ground the plates
were subjected to various tallistic tests, '

Results of the ballistic tasts and metallurgical investigations
of representative samples of the Pluramelt plates used in *he dopth of face

axperiments were reported in detail by the Naval Proving Ground.(sl) (32)
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Pigures 22, 23 and 24 from the later proving ground report illustrate the effect
of depth of face under various test conditiona. Both the standard "Navy Limits"
and "Statistical Limits"™ were compited and plotted for the heavier plates, <the
"statistical Limit" method of comutation is based on the overull average per=
formance of a given plate considering all projectile impacts made apgainst the
plata, whereas, the standard "Navy Limit" used as a basis fcr acceptance test:
of production light armor plate is dependent upon the single lowest ccmplete
projectile penetration obtained on the plate,

It will be noted in Figure 22 that the curve for 3/8" material
is rather well defined., On the other hand there is a lack of certainty in the
shape of fhe curve and in the location of the maximum in the curve for 1/2"
material, In fact, the proving ground reported that there was some evidence
that the curve is not a continuous function., The plates with a large percent
of face failed with large buttons being thrown from the back of the plate in=-
stead of failing with clean punchings as is usual for plates of lower percent
face. The change in the mechanism of plate failure probably causes an abrupt
break in limit velocity.

Although comparison of Figure 23 with Figure 24 shows a higher
optimun rangs for the 7/8" plates (32% to 42%) than for the 5/8" plates (below
30%), it should be noted that different type projectiles were used for the
two different gauges, that is, 20mm A. P. M95 for 5/8" und 20mm A. P, W75 for
the 7/8", Honce the relationship observed on the 3/8", 1/2" and 5/8" plates
vs. cnlil_)er +50 A, P. M2 proiectiles, that as the gauge is increased, the
optimum parcert face ingreasu. cannot be strictly interpreted from Pigures 23
and 24 hecause of the differences in weight of the projectiles used, The change
from the lighter 20mm A, P. M95 projectiles to the heavier M7S5 projectiles was

found necessary in order to penatrate cempletely the heavier 7/8" plates.
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It is interosting to note “hat shock tests with 20-m high explosive
projectiles at 20° obliquity were also conducted on the 3/8" and 1/2"™ nmatorial in L i
the depth of face experiments. The results of the shock tests were not quite as \
clear cut as the results of the penstration tests., All i/’&" plates excepting one
passed the shock test specified under Ordnanca Standard 2775=1. (It was bsliaved
that the one exception failed because of an irregularity). On 3/8™ plates, “ow-
ever, failures by the terms of the specification occurred on all plates with £C
face, Failure by shock of a burst of .50 caliber armor pierciny prcjeét.‘.les at
high velooity cccurred on practically all 3/8" plates with 20% or rors face,

An interosting end important corparison oi: the effect of depth of
face on carburized armor vs. Pluramelt armor i3 shown in Pigure 25, Tho data
for various depths of carburied face (as deternmined bty 540 Kncop criterion)
was found in Nn;ral Proving Ground memorande concerning investiga“ions of car-

4
burized plates.(ss) (34) wh

ile the data overlaps in only e narrcw range, the
fact tl.nat the slopes of the curves appear to be cractically the sams indicates
that a good correlation exists,

The fact that a good correlation tetween aept}; cf face and limit
velocity exists would seem to Y very significant and worthy of extensive develop- i
ment. The effect of changes in e/d ratio on the relationship has r.o% baen
mentioned altho(xgh it 1s apparent that there may also be found a good correlation
with that factor. The change in the mechanism of failure noted ty tha Naval
Proving Ground seems very significant and should be considered in planning fukure
investizations of the effect of dopth of face,

3. Back Hardness

Lack ot; understanding of the effects of fuce hardness and depth

of face until recen® years naturally resulted in a lack of rigid control of theze

variables. Without rigid control of face hardness and depth of face. the efiecla
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of tack hardness could not be completely isolated, It has been noted oy the Kaval
Proving Ground, however, that the offect of tack hardress on pensiration reslstance
may be so strong?;h&t it may be observed even without control of ths cther variebles,
In a statistical s tudy of a group of accaeptance test plates submitted fcr ball:. -

test in 1942, the fdllowing correlation was found,

Back llardness, BHN Percent Failuras
. 400 - 600 8%
360 - 400 14%
300 - 360 504

The above correlation apparently points toward a high back hardness, On
the other hand, numberous reports of investigations of brittle failures have
attributed the failures to too high back herdness. In discussing the results of
the depth of face experiments on 3/@" plates, the Naval Proving Grourd oommentedt(3l)

"Plate G8B with 284 face failed the 20rm shock test, Yo
cause could be seen for the failure ol this plate except that the batk
hardness of the %/8" plates may be tco high for this gauge. Ths back
hercness of all 3/8" plates was above 450 Knoop and even above 500 in
one case. It would seem that for optimum ballistic properties or 3/84
face hardened armor against caliber .E0 AP, M2 bullets or 200 H.E,,
the depth of face and the back hardness should both be less than for
1/2" plates agairst the same projectiles,”

The suggestion that the back hardness should change with chanzes ia the
depth of fuce and o/4 ratio is an important one. As far as is known, the inter~
relation of these functions hes not been axplored. While the mcst recen:
rescmmendation of the Naval Proving Ground is Lo furnish a back harc:ieas ef 400

to 450 BHN, it is conceivable that an improvenent in average performence may rcsuit
from a ncre restricted working range wholly within or overlapping e:'ler end of the

recommended range, depending on the combination of test cenditions to te met,
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B. Microstructure, Heat Treatment, Compousition snd Homogeneity

The general comments regarding the metallurgicai factors (1) micro-
“structure, (2) heat treatment, (3) composition and (4) homogeneity presen<ed
earlior in this study (see pages 20 an; 31) apply witr equal importance to fass
hardensd 1ight armor., As these factors were shovm to s interrelated in their
effects cn homogensous armor, so tco are they interrelated in their effects sn
face hardsned armcr. However, bocause face hardened wr-or is nore complex in
its nature, due to the hardness pattern, it is essential that more rigid control
of the metallurgical variables be maintained,

The high hardness required makes it necessar; to have a homogenecus
tempered mar£ensitic structure in the face portion of face hardened armor. It

has been found that the presence of retained austenit2 in the face (which weas

not unusual on productior armer) lowers the face hardnsss end therefore adversely

affects the limit velocity of the plate,

Experinentel refrigeration of plates at dry ize temperatures to
transform retained austenite to martensite has increasad limih velocities by
as much as 200 t./sec. The hardness patterns of a 172" plate tafcre and after
refrigeration is shown in Figure 26, This illustratics, taken from a Naval

34)

Proving Ground letter report( shows thut the maxiri:: hardness was incroased
100 Enoop by refrigerating at -78° C. for 12 hours following the stsndard o1l
quenching treatment,

Investigation at Dahlgren, Va, and at the Wa:ertown Arsenal Laboratory
have disclosed that face spalling may Yo attributed tec undigsolved carbidel(as)
‘and in some ceses to the presence of carbides in the grain boundarisz, (48)

Vihen the 20mm H., B. shock tost was introduce in armor specificatiicns
many plate failures occurred. Upon investipation the -resence of prosutectoid

ferrite in the back was nuted (F1€ure 27)., Here again wxas evidence that a mixsd
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NPG PHOTO NO. 1901 (APL) - CONFIDENTIAL . 15 September 1944

Photomicrropgraph of the Back of 1/2" Face
- Hardened Light Armor Plate

Structure: Proeutectoid ferrite in a matrix
?f %ov carbon tempered martensite,
M-69

Magnification: 250X Etch: 4% Pioral,
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microstructure does not have the efficicncy of tempered martensite, Watertown
Arsenal noted the presence of ferrite in the back of low alloy face hardened

armor compositions and attribtuted inferior shock resistance of the armor to the

poor m.zrestructure. The superiority of a homogeneous tempered martensite micro-

structure in the back of face hardened armor th&refore has been well estebliished,

The heaé treating practices employed by various manufacturers of face
hardened light armor did not vary greatly from firm to firm. In general. heat
treatment consisted of a single quenching treatment follcwed by a lcw temper-
ature drawback, Individual variations depended on the method emplcyed tc alter
the composition and hardness'of the fece portion,

Carburizing, of course, had been the only method used in production of

faée hardened light armor for many years. A serious disadvuntage of pack cartur-

izing was the resultant high carbon content of the face vhich made it difficult
to prevent the retention of austenite on heat treating, Attémpts te minirize
retention of austenite by gquenching from a lower temperature usually resuliad
ir. undissolved carbides in the face and proeutectoid ferrite in the back, Tin
possible methods of overcoming the handicap of the high carbon content were
developed during the World War II poriod. The first method was to diffuse the
carbon by high temperatur; long time homcgenizing treatments; such as holding
for 24 hours in a salt bath at 1600° F. and air cooling tefcre the standard
quenching and tempering treatment, The alternate method was to transform re-
taired austenite by refrigeration,

Plates made by the Pluramelt process did not have the extremely high
carbon content on the face but on the other hand were generally found té te de-
carburized at the face, The luwer carbon content of the decarburized surface
layer made it nocessary to resort to water guenching to insure obtaining the

required face hardness in many cases,

=45=
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Notwithstanding the excapticnas noted above, the hardening treatment on

.most face rardened armor was as followsy

1£50/1878° F. for 1 to 1-1/2 hours
0il quenched

200° F. for 1 hour

ilater quenched cold

Since the predonirant effect of microstructure had been emphasizad
throughout the .references mentioned above it was to be ezp;cted that a review
of the compositions utilized for face hardened armor would show that they had
bteen designed to obtain the desired microstructure - tempered martensite. In
general this was a fact. The nickel-molybdenum compositicn used for carturized
light arror tefore ~the water continued in faver., Conservation of strutegic
materiels during the war pericd resulted in a slight lewering of the nickel
content but numerous references attest to the fact that the altered compeasition,
had sufficient hardenability %“c¢ produce a martensitic structure in sections as
heavy as 1/2". Investigaticns at Dshlgren showed that the niclkel ccntent ar. uid
be raised to 4/ to 57 for plates of 5/8" and 7/8" thickness. Occasicnally,
small percentagos cf chroniun were added to this compositicn,

The makers of Pluramelt after unsuccessful experiments with a high
chromium face composition also adopted & 3<1/2 to 4% nickel - 0.40% mclybdenum
analyais. References to the use o/ a chromiun-molybderum-vanadium compositicn
for carburized armor were noted but little data on miorostructure end proper~

ties of this analysis were found,

Considerable work on the development of low allcy NE steeis o= face
hardened armcr was performed by or under ths direction of Watertown Arsenal
Laboretory personnel during the war years, Some degree of success was obe

taised in making 3/8" face hardsned armor of the NE composition but irn the
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overall program the NE steels suffered ih<50£parison with plates of a 47 Ni-
o.1s/o.zo'cr - 0.25/0.30 o composition, (29)

There is little factual evidence to show the effect of inhomcgensities
in facs hurdned armor: lievertheless, the high hardness of face hardened armor
would be expected to accentuate any inferiority in steel soundnes:. Ons refer-

ence to the effect of non-~metallic inclusicns was furnished vy the ilaval Frovane

Ground.(ss) There it was stated that large non metallic inclusions are {re=-
quently found in the face portion of Pluramelt armor ard they tend to cause
face spalls, An example of the type of inclusions found in the face of Pluramelz

armor is shown in Figure 28,

II11. The Manufacture of Face Hardened Armor

In view of the foregoing discussions on face hardened light armer,
such armor may be definel as steel urmor plate which hes been so processed either
by special heat trestine grocedures or by chemical alteration cf the fase layer
that it has acquired a hWerdened face layer extending to a contrzlled depth vitl:
the balance of the section being considerably softer and more ductile, Actus ",
all of the face hardered aircraft armor produced'commsrcially tas been m:de by
some variation of the second method mentioned in this definitien, Difficulties
encountered in producing face hardened armor by the first method ers resadily
recognized, CGbviously, prior treatment to establish the required hazk proper-~
ties would have to be followed by & surface treatment to obtain the required
face hardness. To prevent alteration of the back properties, already set by
prior treatment, surface heating must be fast and closely controlled., Even
then, there is produced a zone botw?en the hardened face layer and the unaffectad
back which will have a mixed ricrostructure and therefore offer littls resistunce

to ponetration by projectiles, Notwithstanding these difficuities, ¢ nsiderable
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offort to develop & flame h}rﬂ‘oning technique was expended during the World War II

\
period, In general the oxperiments on light armor were unsuccessful,

The second method of producing a hard face layer, 1, e., chemical
alteration of the face portion. has had several variations., For disoussion ,
purposcs, these veriations may be grouped in three types: (1) Carburized Ar.:or,
(2) Nitrided Armor and (3) Composite Armor.

Carburised armor is the cldest type of face hardened alrcraft armer
lmown, In carburised erpor the high face hardness required is obtained by
raising the carbon content of the face layer. For years prior to World War II
pack carburising methods were used, During the war period, however, liquid
bath carburizing and gas carburizing methods were also employed with success.
Officers at the Nawval Proving Ground reported that in their opinion, the lateat
developments in gas carburizing should eliminate the major 1ifficulty encour.tsred
in cerburized armor, The difficulty referred to is the high carbton content
vhich usually resulted in retained austenite at tha face, Ballistic tests on
ocarburised armor produced dur.ng the war period are equal to the highest cn
record,

To date, Pluramelt armor ie the most important type of composite armor
produced commereially. In the Pluramelt process a high carbon (appr:x. 0,607%)
steel layer is melted onto a lecw carbon {approx. 0,20%) slab of similer allcy
content by an eleotric arc located at the interface and the composite slab is
then rolled down to the requix:od plate gauge, For the experiments on depth cf
face, the meker of Pluramelt armor held the thickness of the face layer con-
stant and varied the thickness of the base steel slab to control the percentage
of face in the x.'olled plate., It was apparent that difficulties in manufactur:ryg
increased with increased percent of face. In fact, company representatives

stated that fese oracking and separation at the interface was eacourtered on :lass

~48~




'ho.ving a nominal face of 40% to 5075. As a result, no 1/2" plates having a nominal
face of 507 were delivered for the experiments.

Other disadvantages of Pluramelt have been mentioned previously,
Decarburization at the surface results from heating for rolling and subsequent
high tempsrature treatments. As long as decarburization is held to a minim.um.
ballistic efficiency of the heat treated plate is not impaired., The large non~-
metallic inclusions trapped in the face material during melting must also be
held to minimum,

Manufacture of face hardened light armor by depositing hard facing
compounds, such as stellite, on a suitable back plate has been atterpted at
differsnt times without success., In 1940 and 1941, itiatertown Arsenal investi--
gated the merits of Colmoroy No. 1 and Dyronhard Wo, 65, two high alley hard

facing compeunds, for local surfacs hardening or juick repair of armor plate.(ss)
These attempts were also unsuccessful.
fierthy of mention at this point, is the fact that during recent years
e major stesl compmy- has produced experimental heavy ccmposite armcr plates
made by a double pouring method; To date, as far as is knowvm, face hardened
light armor has not teen made by this method, It is bYelieved that light armor
to ccopare with carburized or Pluramelt armor could.be produced by the double
pouring methed,
The last method for producing composite armcr to be discussed, for
. lack of a batter name, shall te called "Roll welded™ armor. In this method
slabs of suitatle thiclness and compoaii.:ion are carefully cleaned on adjoining
4 surfaces, then heated and rolled as a "saudwich™, The pressure exerted by the
reiling mill aud the high tsauperature of the "sandwiched" 3labs during rolling

results in n wald at the interface. Attampts to process armor plate by such a

method are not new; the idea has long been intrigning. Past attempts have

) failed because of a separatior at the interface. \\}\:{U 4
o | - -49- mﬁ‘ﬁ\'@@“
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A now variation of the rou_r:e-lded mothod has been patented by
B. Lisbowitz of New York, Licbowitz interrupts the rolling of the "sandwich®
slab to give the stesl a high temperature homogenizing treatment. By this
treattent he claims to get a carbon diffusion across the welded bond into
the lower carbon material. Rdlling is then completed and the resulting plates
are heut ‘troated in the usual manner. Lisbowitz's experimental plates were
lnvestigated by Watertown Arsenal Laboratory in 1941, Apparently because the
results were not outstanding +ths plates were considered as another failed
attenpt and the idea was dropped, Looking buck, it may be significant that
Liebovite's first tests were as good as they were,

It seems to be worta while to continue experiments on roll welded
ar=or, Dahlgren has such material from two different sources on hand now,
Although prelliminary results discussed with personnel at Dahlgren indicate
tha® one of the materials cn hand is no better than past attempts, the second
raterial ssems to zive promise, The advanf.:ages of control and uniformity of
prcduct over the range of thicknesses used for alrcraft armor made possible

ty development of a roll welded practice would be important,

~ 50~

—— e e ooy e i 2

.

-

!
i
;
!




PART 4

SPECIFICATIONS FOR STEZIL AIRCRAFT ARMOR AND EFFECTS OF IMPROVEMENT IN QUALITY
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SPECIFICATIONS FOR STEEL AIRCRAFT ARMOR AND EFFECTS OF IMPROVEMENTS IN QUALITY

I3

I. Specifications for Steel Aircraft Armor

The correlation of metallurgical characteristics with ballistic
properties hes becn a continuous, ever improving process. As various factors
upon which ballistic performance depends were learned, specification requirements
wore raised and better armor plate was demanded of industry. The successive
improvements and specification requirement increases developed quite rapdily
particularly during the earl} war years, as a direct result of the vast quantity
of armor produced, Many plates were tested ballistically and a large amount of
technical data graduslly accunulated. As this data becams availabls, first one
variable and then anothsr could be isolated. Finally interdependence of variables
was recognized,

The improvements resulting from increased knowiedge were accomplished
despite the great deal of confusion that existed prior to the war, It was men-
tioned in the introductory section of this study that specifications for ciro}art
armor did not exist at the time United States was drawn into World War 11, There-
fore, both the Arny and the Navy first procured armor for airoraft to existing
spocifications for light armor plate and "bullet proof™ steel.(31) (38) While
both the Army and the Navy specifications permitted the use of face hardened or
homogeneous naterial, the ballistic requirements were so high that manufacturers
were forced to furnish face hardened armor. Since the nanufacturs of face hard-
‘ened armor was a highly specialized and somowhat difficult pirocess, few concerns
wers attracted to the field.

For those manufacturers attracted to the armor plate business, it must

-hlvo been disconcerting to learn that although the spacifications permitted the

use of homogeaeous armor successful ballistioc test results could not be achieved
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with such material, Likely, it was alao comfusing to ; new manufacturer to find
that the Army and Navy each had their owmm criteria for acceptance, For examplse,
Specificzation AXS~-54K, Rev. 4 specified that a 38" thick plate had to resist
"Complete Penetration® by a caliber ,30 A.P. M2 projectile at 2250 f.s. (at
normal incidence). "Complete penetration™ was considered to have been obtained
when any portion of the bullet or projectile protruded through the plate; or,
when by impact, a hole had been made in the rear face of the plate of any size
whatsoever, sufficient to admit the passage of light or produce spalls, buttons,
cracks or slivers in the rsar of the plate. Specification 0,8, 596 required a
3/8" thick plate to resist "complete penetrution® by the caliber ,30 A,P, M2
projectile at 2315 f.s, (at normal incidence), Only in this case, complete
penetration was considered to have bteon obtained when.the bullet core passed
completely through and fell behind the plate,

Despite the confusion surrounding the specifications, the steel
aircraf't armor suppliers joined in the defense elfort and produced satisfactory
face hardened armor, However, as war neared and tonnage requirements increased,
it became a-parent that the aircraft building program would be delayed unless
the country's aircraft armor capacity was rapidly expanded, It was realized at
this time that for certain installations within a plane, homogeneous armor which
could be manufactured with less difficulty than face hardened armor would suffice
or even be adventageous, In fact, the British started ordering homogeneous armor
at about the same time in order to prevent damage resulting from fragmentation of
bullet cores. Thus, it came about that spacifications for homogensous armor ware

written and the nation's aircraft armor capacity was. expanded to meet the increas~
v

,

ing demands of the.aircraft indf:jrf:
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The first specifications for homogeneous steel aircraft armor still .

(39) ¢

differed on definition of a complate penetration, Army specification AXQ ’08 b

required a 3/8" thick plate to resist complete penstration of caliber .3& M3
projectiles at 1550 f,s, (at normal incidence) whereas the Navy Specifiotﬂu

0.8, 2380(40) required 3/8" material to resist penetration of the same prejectile

at 1755 f.s. In the first case the pinhole of light criterion ruled while imn the

latter case the tullet had to pass through the plate to be called a complete
penetration,

The specification requirements for homogeneous steel aircraft armor '
were increased rapidly during 1941 and 1942 as production of armor increased.

(41) dated just a year after the above

lavy Department Spscification 0.5, 2498
nentioned 0,8, 2:80 shows that the minimum velocity at which a complete penetratioa
(bullet through plate criterion) was permitted was 2060 f.s. for the same tes$

conditions mentioned in the foregoing examples, The increase over the rowm )

e

of 0.8, 2380 for the sample test condition was 17%. In addition to the m
resistancs to penetration specified, improved resistance to shock was als® ;':«_

quirel., ‘mereas 0.S. 2380 limited the size of exit holes on complete p - i
and syecifiod that no cracking should occur on impuct, the later spocitim“f

0.8. 2498, provided for an additionsl shock test by 20um H.E. projectiles s §

specified the type and amount of damnge resulting from the test that won“,ﬁ,

pernitted. In fact, it gradually became apparent after the effect of hapdiness -~

was recogni-ed that in many cases the shock test was the governing test,:
of this is found in a Naval Proving Sround memorandum roport“z) which ﬂmm
& major supplier of homogenecus steel airoraft armor oxperienced 11% failwres oF
the 20zn shock test on 61 groups of 3/16" and 1/4® armor furaished in 1948,

No further inere.ueo in "Resistance to Penotration" requiremonts Mv

homogeneous steal aircraft armor were mede afier 1942, Late in 1942, however,

=53
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the Army akandoned the pinpoint of light criterion (on aircraft ermor testing)
and c¢ollaborated with the Yavy in preparing Specification A.N.C,8. 1(43). In
1945 joint Army-Navy Spessfication JAN-A-256{%4) superceded A.N.0.8. 1, iorthy
of mention at this point is the fact that while both the Army and lavy finally
adopted the Navy "projectile through plate” critericn, controversy concerning the
merits of one ariterion wversus the other céntinued. Late in 1943, Viatertown
Arsenal published a report vhich pointed out the disadvantages of both criteria
and proposed concideratioa of a "Lethal Limit" criterion.(45) Although this -
proposal appasrently did nst find favor when Specifisation JAN-A-256 was prepared,
the report as a whole is rocemmended for its rsslistic approach to the problam
of specifying bhallistic reguirements.

Ballistic test requﬁrements of face hardened steel aircraft armor
also increased during the var years, Typical resistance to penetraticn ;eqairs-

ments are shown in the Scllowing table,

Periods 1940-43 1948 1944 ;
38
Specifications 0.8.595( ) 0.8. 2775(46) ANOS ¥Ho. 2(47)

Test Conditiont Velocity in feet per second

1/4" plate vs.
cal, .30 A.P. § C° 1915 1976 1995

3/8" plate ve,
cal, 50 A,Pe @ 0 1765 1825 1865

1/2" plate vs, o
. ] cal, .50 A.P, O 2066 2075 2076

As in the specifications for homogensous stesl airoraft armor, shock
test requirements for face hardsned armor were also increased during the period

being discussed,

g | CONFIDENTTAT,
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II. Possibilities of Surther Improvements

There are tws considerations in determining whether or not further
improvements in steel aircraflt armor are possible, First, is there evidence to
show that armor of maxinum efficiency is now being produced, and secondly, is
it possible to increase the average efficiency of armort

Insofar as hcmogeneous steel aircraft armor is concerned, the possi-
bilities of increasing the maximum efficiency heretofore attained appear to be
very limited. In the pert of this study dealing with homogeneous armor, the
authors attempted to show that the ballistic performance at an optimum hardness
is primarily determined by the toughness of the material. Optimum toughness at
optimum hardness, in turn, is primarily dependent upon microstructure and the
optimum microstruct:re is tempered martensite,

Data now aveilable permits determination of the optimum hardness for

.- each of the common tallistic test conditirns. Since the basic importance of this

variatle was first reccgnized, the Army has been carrying on an extensive program
to determine the “Effect of Hardness™ on any given set of ballistio conditions,

Upon completioh of this program, the armor metallurgist will have full kncwledge

0 e E e S W S8 B e

of the fundamental rejuirement, optimum hardness., Vhile there is no indication
that the Army does nct intend to continue its program, the authors' recommendatioa :
A. 1. (page 30) that tue work should be continued is for the express purpose of
emphasizing the inportance of the work,

Since the optiaum microstructure is known to be tempered murtensite,
racomrendations B, 1 and 2. (page 31) would not be expeoted to result in further

increases ia maxirum aff:lcienoy.» However, such studies should bring about ultim-

ately a goneral improvexent in average quality,

s, T e -




% {. Recommendations Co 1, 2 and § and D, 1 and 2 are also aimsed at improving H
| average quality. It will be noted that these rocommendations are concerned pri- "
marily with production problems, 1
It would appear that the recommendations concerning furiher studiss on
compositien offe; the most fertile field for future development. Recommendations
E. 1 and 2 (page 31) stund out among all as being those most likely to resuld in

increasing the maximua efficiency of homogeneous armor, Reference is made to .

Figure 17 to support this suggesticn, Reccmmendations E. 3, 4 and § (page 32)

would serve to further increase knowledge and understanding of factors expected

to be encountered in carrying out recomiendaticns E., 1 and 2,

o s o

In contrast to the situation just discussed wherein there appeared but
little hope for increasing the maximum efficiency of hcimogeneous aircraft armor,
‘the study of face hardaned armor seems to indicate that further improvement of

that material is pcssible, This situation exists despite the fact that homegen~

Sememe -

oou3 aircraft armior w2s developed to its present high level within the war period,

whereas {ace hardoned armor had been in use long before the war. The reason for E
the situation is apparent in the study cf face hardened armor, Not until high §§
precisicn nmetallurgizal instrumsnis and techniques were employed in tha investi- | %
gation of a large nuter of Lallistically tested plates was it possible to isolate i

offects cf the most inportant variables in face hardened armor. Although these
variables were being isoluted at the same time the fundamental requirements of
. ' homogenecus armor were being lsarned, the complexity of the hardness pattern alone
in face hardened armor cbasoured the relative importance of each variable within
the pattern. As a result the interdependence of different variables had not been

¢ . fully learnsd at the var's end.
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It will be recallod that several recommendations for development work
wore mnde in the course of discussion on face hardened armor. All of the reoon=
mondations, however, pertained to the hardness pattern, The recommendations on
page 39 regarding face hardness, on page 42 regerding depth of face, and on
page 43 regarding back hardness are related and of equal importance, Implemeat=
ation of a research program based on these reconmendations could ultimately result
in an empirical formula for determil:xing the optimuin hardness pattern for any
given test condition, The other suggestions made, page 49, pertain to poasible

new methods for attaining the optimum hardness pattern once the pattern itself

is known,

¢ ——

In considering what improvement is possible or expected as a result of
the sugzested research progrum.. the {ollowing summary of past and predicted re-
sults for a singlo test condition is pertinent., In the case of Navy 1/2"face
hardened armcr vs caliber .50 A, P. projeztiles at normal incidence, the minimum

limit velocity required by Specification O, S. 595 was 2050 f.s., During 1941 and

E.

1942 the average limit velocity of more than 1900 plates tested was about 2130 f.s.

Yore than 1000 of the plates tested were of the Pluramelt type and the average z
depth of face of 1/2" Pluramolt armor was 205, On Figure 22, note that the f‘f
optimum depth of face for 1/2" armor is apparently over 30%. The depth of face
experiments and various other investigations of fuce hardened armor conducted and x
. reported in 1944 uand 1945 led the Naval Proving Ground to recommend increasing ' s

the minimun limit requirement for 1/2% amor. to 2267 f.s. since the results of
fhe various experiments had shown that limits consistently above this figure
were 4pm." Although this specification requirement increase has not been
made to date, the rocommendation is a matter of record.(w) It is apparent,
therulore, that an inorease of about 180 f.;. in 1limit velooity ovar that

prevailing in 1942 is immediately possible, The fact that the optimum hardncu

-&1- CONFIDENTIAL
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§attern a8 o whole has yst to be determined leads to the belief that atill
further improveﬁeut is also possible,

The foregoing counclusions of the authors are in agreement with
opinions of armor metallurgists at Watertown Arsenal and the Naval Proving Ground.
While illustrations supporting the major points of the conclusions were taken
from reports published by the latter agency, Watertown Arsenal representatives
expressed thes sane opinions, in general, during a discussion at the Arsenal

Laboratory in the course of this study,
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